angiography for all treated patients within 6 months posttreatment.
Follow-up cerebral angiograms were obtained in 71 patients. One hundred two patients were not included in this study. Follow-up angiography in 29 patients could not be performed due to poor medical condition or death; 32 patients referred from outside hospitals did not undergo follow-up angiography or, if they did, the angiograms were nondiagnostic; 19 patients refused to undergo follow-up angiography; and one patient only underwent follow-up magnetic resonance angiography. Twenty-one patients are awaiting scheduled follow-up angiography.
Of the 71 patients harboring 73 aneurysms with postembolization residual necks, 57 patients (80%) were women and 14 (20%) were men. Their ages ranged from 28 to 76 years, with an average age of 54.8 years. Eleven patients (15%) were younger than 40 years of age, 50 (70%) were between 40 and 69 years of age, and 10 (14%) were 70 years of age old or older. The period of angiographic follow up ranged from 3 to 71 months, with an average of 17.3 months. Twenty-eight aneurysms (38%) were found incidentally, 37 (51%) presented with subarachnoid hemorrhage, and eight (11%) exhibited mass effect.
Angiography was used to determine sizes of the body and the neck in all aneurysms. Body size was based on the largest diameter. Forty-eight aneurysms (66%) were small (4-10 mm in the largest diameter), 15 (21%) were large (11-25 mm) , and 10 (14%) were giant (Ͼ 25 mm). Twenty-four small aneurysms had small necks (Ͻ 4 mm) and 24 had wide necks (Ͼ 4 mm). 11 All large and giant aneurysms had large necks.
Patient Selection
The therapeutic alternatives for each patient were discussed among members of the UCLA cerebrovascular team. The indications for GDC treatment included: failed surgical exploration in 11 patients (15%); poor medical condition in 13 patients (18%); refusal to undergo surgery in 10 patients (14%); and age older than 70 years in 10 patients (14%). Thirty-seven patients (52%) were referred directly by their neurosurgeons for endovascular treatment.
Locations of Aneurysms
Forty-seven aneurysms (64%) with neck remnants were located in the anterior circulation and 26 (36%) in the posterior circulation. The most common location was the ophthalmic or paraclinoid segment of the ICA in 21 aneurysms (29%), followed by the posterior communicating artery or the anterior choroidal segment of the ICA in 13 aneurysms (18%), and the basilar artery tip in 12 aneurysms (16%) ( Table 1) .
Method of GDC Embolization
Details of the GDC embolization procedure have been published elsewhere. 3, 7, 13, 15, 16, 18, 34, [37] [38] [39] 42, 43 In this series, the same basic method was applied to endovascular embolization of intracranial aneurysms. In the last 2 years of the study, we used softer, smaller coils, which allowed denser packing of aneurysms. In selected cases of wide-necked aneurysms, we used a balloon-assisted method (nine cases) and new-generation 3D GDCs.
Angiographic Evaluation
The rate of aneurysm obliteration was evaluated using postembolization angiography in multiple projections. The anatomical results of treatment were categorized as follows: complete occlusion (no contrast filling of the dome, body, or neck of the aneurysm); neck remnant (some contrast filling of part of the neck of the aneurysm); and incomplete occlusion (some contrast filling of the dome still observed due to incomplete GDC packing).
Special attention was paid to the angiographic appearance of the neck remnant. The same angiographic view was used to compare anatomical results or follow-up angiograms obtained at different times. The angiographic images were installed into a Macintosh computer (Apple Computer Co., Cupertino, CA) by using a jet scanner (resolution 150-300 dots per in). The obliteration rate was then calculated using imaging software (Image, version 1.70; supplied by the National Institutes of Health, Bethesda, MD at the following website: www.rbs.info.nih. gov/nih-image). This program was used to figure the area (number of pixels) of the aneurysm neck remnant and the area (number of pixels) of the GDC mass, from which we then calculated the obliteration rate as follows: obliteration rate (%) = (number of pixels in the GDC mass) Ϭ (number of pixels in GDC mass) + (number of pixels in neck remnant) ϫ 100. This equation was used to compare immediate postprocedural angiograms with long-term follow-up angiograms.
The anatomical findings were classified as: unchanged (increased contrast filling in the aneurysm that is Ͻ 10% or decreased contrast filling, but not complete disappearance of the aneurysm [ Fig. 1]) ; recanalization (increased contrast filling in the aneurysm that is Ͼ 10% of the obliteration rate [ Fig. 2]) ; and progressive thrombosis (disappeared contrast filling in the residual neck [ Fig. 3] ). * ACoA = anterior communicating artery; AICA = anterior inferior cerebellar artery; BA = basilar artery; MCA = middle cerebral artery; PCA = posterior cerebral artery; PCoA = posterior communicating artery; PICA = posterior inferior cerebellar artery; SCA = superior cerebellar artery; VA = vertebral artery.
Results
Eighteen aneurysms (25%) exhibited progressive thrombosis, 19 (26%) were unchanged, and 36 (49%) displayed recanalization on postembolization angiography. In the unchanged group, additional embolization was performed in one aneurysm, surgical clipping was performed in one aneurysm, and 17 aneurysms were treated conservatively. In the recanalization group, 18 aneurysms were treated with additional embolizations, two aneurysms were treated with parent artery occlusion, five aneurysms were treated with surgical clipping, and 11 aneurysms were treated conservatively. In this study, there was one temporary ischemic procedural complication. There were no permanent procedural complications.
Small Aneurysms With Small Necks
There were 24 small aneurysms with small necks. Results of postembolization angiography demonstrated that 12 (50%) had developed progressive thrombosis, eight (33%) remained unchanged, and four (17%) had recanalization (Fig. 4) . In the 10 aneurysms that were treated between 1990 and 1996, four (40%) exhibited progressive thrombosis, four (40%) remained unchanged, and two (20%) displayed recanalization. In the 14 aneurysms treated between 1997 and 1998, these numbers were eight (57%), four (29%), and only two (14%), respectively ( Fig.  5 upper) . Thus, in the last 2 years of the study in small aneurysms with small necks, the rate of recanalization decreased and the rate of progressive thrombosis increased. These improved anatomical results are mainly related to the use of a combination of standard and soft coils. This technical modification allows denser and tighter packing of GDCs in an aneurysm without increasing the risk of aneurysm rupture.
We also compared the degree of aneurysm obliteration measured on the immediate postembolization angiogram with long-term anatomical outcome. In the group of aneurysms exhibiting progressive thrombosis, the immediate average rate of obliteration was 89.1%. In the unchanged group, the average rate of obliteration rate was 89.6%. In the recanalization group, the rate was 85.5% (Table 2) . There was no statistical correlation between the immediate obliteration rate and long-term anatomical outcome (Pearson's correlation coefficient 0.146).
We also compared long-term anatomical outcomes of ruptured aneurysms with those of unruptured aneurysms. Of 13 ruptured aneurysms postembolization, six (46%) exhibited progressive thrombosis, five (38%) remained unchanged, and two (15%) displayed recanalization. Of 11 unruptured aneurysms postembolization, six (54%) exhibited progressive thrombosis, three (27%) remained unchanged, and two (18%) displayed recanalization. There was almost the same recanalization rate in ruptured aneurysms as there was in unruptured aneurysms.
Small Aneurysms With Wide Necks
There were 24 small aneurysms with wide necks. On
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Natural history of GDC-treated cerebral aneurysm neck remnants postembolization angiograms, we noted that six aneurysms (25%) had developed progressive thrombosis, eight (33%) remained unchanged, and 10 (42%) displayed recanalization (Fig. 4) . Of the 12 aneurysms that were treated between 1990 and 1995, three (25%) exhibited progressive thrombosis, four (33%) remained unchanged, and five (42%) displayed recanalization. Of the 12 aneurysms that were treated between 1996 and 1998, three (25%) exhibited progressive thrombosis, four (33%) remained unchanged, and five (42%) displayed recanalization (Fig. 5  lower) . No difference between the two experiences was noted. In the aneurysms with progressive thrombosis, the immediate average obliteration rate was 85.7%; in those remaining unchanged, the obliteration rate was 89.4%; and in those with recanalization, the immediate occlusion rate was 88.6% (Table 2 ). There was no statistical correlation between the immediate obliteration rate and longterm anatomical outcome (Pearson's correlation coefficient Ϫ0.152).
We also compared long-term anatomical outcomes of ruptured aneurysms with those of unruptured aneurysms. Postembolization angiography revealed that, of the 12 ruptured aneurysms, one (8%) had progressive thrombosis, four (33%) remained unchanged, and seven (58%) had recanalization. Of the 12 unruptured aneurysms, five (42%) had progressive thrombosis, four (33%) remained unchanged, and three (25%) exhibited recanalization. Thus, in small aneurysms with wide necks, the recanalization rate was higher in ruptured aneurysms than in unruptured aneurysms.
Large Aneurysms
There were 15 large aneurysms. Results of postembolization angiography revealed that two (13%) remained unchanged and 13 (87%) had recanalization (Fig. 4) . The average obliteration rate was 93% (Table 2) .
Giant Aneurysms
There were 10 giant aneurysms. Postembolization angiograms revealed that only one (10%) remained unchanged and nine (90%) had recanalization (Fig. 4) . The average obliteration rate was 87.3% (Table 2) . 
Location of Aneurysms
There was no correlation between the location of an aneurysm with a residual neck and its outcome.
Discussion

Long-Term Durability of Treated Aneurysms
Surgical clipping continues to be the gold standard for treatment of intracranial aneurysms. The efficacy and limitations of this therapy have been extensively discussed in the literature. The reported incidence of residual neck after surgical clipping of an aneurysm ranges between 3.8% and 18%. 1, 2, 8, 12, 24, 26 The rebleeding rate of aneurysms with residual necks has been reported to be between 3.5% and 28%, 8, 9, 12 and aneurysm regrowth has been reported to occur in 3.5 to 15% of patients.
9,12 A 2.7% rate of aneurysm rerupture was reported even after complete surgical clipping of the aneurysm. 4 The incidence of aneurysm neck remnant after surgery is relatively rare in the anterior circulation and in small aneurysms, and higher in the posterior circulation and in large or giant aneurysms. 8 On the other hand, the long-term anatomical outcome of GDC treatment is still unclear. Murayama, et al., 34 reported their experience with GDC embolization of 120 incidental cerebral aneurysms. They observed no cases of delayed aneurysm recanalization in 52 aneurysms completely occluded with GDCs. Although their study had a limited number of patients, it emphasizes the concept that an aneurysm completely embolized with GDCs can be permanently excluded from the circulation.
However, aneurysms embolized with GDCs may have
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FIG. 4. Bar graph showing follow-up angiographic results in all
aneurysms. In small aneurysms with small necks (S/S), 50% of aneurysms achieved progressive thrombosis and 17% had recanalization. In the small aneurysms with wide necks (S/W), 42% had recanalization. Of the large and giant aneurysms, almost all (87% of large aneurysms and 90% of giant aneurysms) had recanalization and no aneurysm achieved progressive thrombosis. a residual neck, 20 especially in the wide-necked 11 or large aneurysms. Murayama, et al., 34 reported that approximately one third of aneurysms with a neck remnant showed further thrombosis, one third remained unchanged, and one third showed recanalization. It is still unknown whether the risks of rupture in aneurysms with neck remnants treated endovascularly or surgically are similar or different. A histopathological comparison of neck remnants in these two groups could shed some light on the probable natural histories of these treated aneurysms.
Small Aneurysms With Small Necks
It is well known that these aneurysms can be completely occluded with GDCs. In a series of patients with aneurysms treated at UCLA, complete occlusion of this type of aneurysm was achieved in approximately 70% of cases. 43 In the present study, the recanalization rate of the neck remnant in small aneurysms with small necks was very low (17%). Furthermore, the recanalization rate in this type of aneurysm was significantly reduced during the last 2 years of the study (14%). The use of softer and smaller coils enabled us to achieve early control of the aneurysm inflow zone, as well as denser packing of the body of the aneurysm. Denser packing with GDCs may allow neointimal and neo-endothelial proliferation across the neck of the aneurysm. Although histopathological evaluation of GDC-treated aneurysm specimens in humans is limited, it is postulated that neo-endothelial proliferation may occur in small-necked aneurysms.
21,40
Small Aneurysms With Wide Necks
In our results, approximately 60% of these aneurysms with residual necks remained anatomically unchanged or exhibited further thrombosis and approximately 40% displayed recanalization. We performed strict short-term follow-up angiography for wide-necked aneurysms with neck remnants. Recanalization was frequently seen on the first follow-up angiogram, which was obtained 3 months after the first embolization. In contrast to small aneurysms with small necks, the recanalization rate observed during the last 3 years is the same as that from our earlier experience. There was no relationship between obliteration rate and prognosis. Recanalization tends to develop in these aneurysms if their inflow zone cannot be controlled and occluded during the first session of embolization. The recanalization occurs due to the blood-flow water-hammer effect and concomitant strong hemodynamic shear stress observed in the aneurysm inflow zone. In aneurysms with wide necks, it is technically difficult to place GDCs in the aneurysm body and dome without coil protrusion into the parent artery. Balloon-assisted technology and the use of the new generation of 3D coils has improved and, in many cases, solved this technical problem.
Large and Giant Aneurysms
The complete occlusion rate in large and giant aneurysms treated with GDCs has been reported to range from 25 to 50%. 22, 33, 39, 43 Molyneux, et al., 30 and Mizoi, et al., 29 reported histological findings in giant aneurysms incom- (1990) (1991) (1992) (1993) (1994) (1995) (1996) , 40% of aneurysms achieved progressive thrombosis and the recanalization rate was 20%. During the more recent experience (1997-1998), 57% of aneurysms achieved progressive thrombosis and the recanalization rate was 14%. Lower: Small aneurysms with wide necks. No difference between the two experiences can be noted. Two aneurysms were treated using the balloon-assisted technique. Experience was split into early and recent periods with equal numbers of aneurysms in each group.
pletely packed with GDCs. These aneurysms showed no evidence of formation of neo-intima and neo-endothelium at the neck of the aneurysm during a follow-up period of up to 6 months. This histological finding is not surprising. The development of a neo-intima and neo-endothelium across the neck of the aneurysm requires tight, complete packing of the aneurysm and total elimination of turbulent blood flow.
Large and giant aneurysms are challenging for both surgical and endovascular treatments. It is always necessary to release numerous coils into the body and dome of these aneurysms, and the final embolization of the neck of the aneurysm is always laborious and potentially dangerous. The use of a new generation of 3D coils and balloon-assisted technology 31, 32 has improved anatomical results. In a limited number of cases, the placement of a microstent across the neck of a large or giant aneurysm allows the safe endovascular occlusion of it.
There is also a possibility that the release of numerous GDCs into these large aneurysms might increase the mass effect of the lesion on the brain parenchyma or cranial nerves. We believe that the use of GDCs in large and giant aneurysms should be restricted to patients with poor clinical grades or with surgically inaccessible lesions, and elderly patients. The goal of treatment of large and giant aneurysms with GDCs is to prevent rupture of the aneurysm in the short term. These patients require strict follow-up angiography studies and, not infrequently, multiple embolizations.
Factors Playing a Role in Aneurysm Recanalization and Potential Solutions
Aneurysm recanalization is influenced by many factors, but two of them appear to be predominant: morphological and biological factors.
Morphological factors are strongly influenced by blood-flow hemodynamics. Burleson and colleagues 5 reported data on flow simulation in lateral aneurysms by changing the size of the neck of aneurysms. They found that aneurysms with wider necks were exposed to higher shear stress than aneurysms with smaller necks. An intraaneurysmal shear stress may be higher than 5 Pa (parent artery shear stress is estimated as 1-2 Pa). It is not known what intensity of blood flow shear stress can produce recanalization and regrowth in an aneurysm treated with GDCs. Current technical solutions to the phenomenon of recanalization in aneurysms with wide necks include the use of 3D GDCs, the balloon-assisted method, and, in limited cases, microstents. 19, 23, 25, 28 However, these technical improvements may not be the fundamental solution to this problem.
With respect to biological factors, GDCs are made of platinum, a metal that is biologically inert and promotes a limited, delayed scar formation in aneurysms. Recent advances in the biotechnology of surface modification of metals and polymers enable the development of bio-active biocompatible surfaces that can promote a more intense biological response. 33, 36 Biological surface modification of the GDC may improve the long-term anatomical outcome of aneurysms treated with this procedure by promoting strong scar formation in the body of the aneurysm. 36 This enhanced biological response may decrease or eliminate the present technical problem of aneurysm recanalization in aneurysms with wide necks. 35 Intense combined basic sciences-animal laboratory research is now underway to incorporate these new biological devices in the therapeutic armamentarium for intracranial aneurysms.
Conclusions
Although GDC treatment appears to be effective and durable in aneurysms with small necks, its long-term durability is more limited in aneurysms with wide necks. The option of GDC therapy for large and giant aneurysms should be carefully considered because of the technical problem of aneurysm recanalization. Anatomical and clinical factors such as the patient's medical condition, age, location of the aneurysm, and risk of morbidity of using a surgical procedure should be thoroughly evaluated. Further technological and biological developments need to be incorporated into the present GDC technology to improve present anatomical and clinical outcomes. This statement is particularly true in small aneurysms with wide necks, as well as large and giant aneurysms.
